protein (FMRP)-a selective, inhibitory, mRNA-binding protein that regulates the translation of mRNAs into their respective proteins. This deficit in FMRP results in intellectual, cognitive, and behavioral impairments including anxiety, attention-deficit hyperactivity disorder, aggression, self-injurious behaviors, deficits in sensory processing, and language impairments [3] [4] [5] [6] [7] [8] .
Although FMRP is expressed throughout the body, this protein plays a critical role in the development of neuronal soma and dendrites as FMRP regulates most of the proteins important for synaptic plasticity [9, 10] . Specifically, FMRP negatively regulates the translation of RNA species into cytoskeleton proteins, γ-aminobutyric acid receptor subunits, and metabotropic glutamate receptors (mGluRs) at the synapse [10] [11] [12] . In FXS the lack of FMRP, and typically up-regulation of many proteins whose translation is inhibited by FMRP results in long, spindly, immature dendritic spines and negatively affects synaptic plasticity, synaptic transmission, and learning and memory [13] . Due to the upregulation of protein synthesis and altered synaptic function caused by deficits in FMRP levels, targeted treatments for FXS seek to reverse these neurophysiological changes.
One proposed treatment for ameliorating symptoms of FXS is the use of selective serotonin reuptake inhibitors (SSRIs). Existing research shows that children with autism spectrum disorder (ASD) have lowered levels of serotonin production in the CNS in the first 5 years of life compared to neurotypically developing children [14, 15] . Further, treatment in early childhood may have cascading effects into later years of life due to rapid brain development during this early period [16, 17] . Although treatment trials assessing the efficacy of SSRIs in children with disabilities are few, existing studies in FXS [18, 19] and ASD, which has a high co-morbidity with FXS [20] , suggest that SSRIs may be beneficial in reducing symptoms of anxiety, irritability, and transitioninduced behavioral deterioration, and may improve expressive and receptive language development, fine motor skills, and social participation.
Significantly diminished vocabulary, as compared to typically developing children, is a hallmark feature of FXS [21] [22] [23] . Further, FXS is associated with impairments and delays in various cognitive domains relevant for language acquisition such as sequential processing [24] , working memory [25] , and attention [26] . Not only do these cognitive challenges impact language abilities, but individuals with FXS exhibit relatively higher rates of challenging behaviors and psychopathology that may likely disturb the social interactions that promote language development. These include hyperactivity [27] , avoidance issues as a result of neuroendocrine dysfunction [28] , and social anxiety [29, 30] .
The present study examined the efficacy of sertraline on the development of language in children with FXS. Sertraline is approved by the FDA as a treatment for obsessive-compulsive disorder in children aged 6-17 years, and for major depressive disorder, panic disorder, posttraumatic stress disorder, premenstrual dysphoric disorder, and social anxiety in adults. To date, few studies have examined the effect of low-dose sertraline on language development in children with FXS. In one study with 12-50 month-olds with FXS, Winarni and colleagues found improvement in both expressive and receptive language development in the group treated with low-dose sertraline [19] . However, the results from this study were from retrospective observation data obtained from a chart review of medical records, which could introduce clinical bias in addition to other potential confounding factors associated with treatment that were not available in the medical records.
In a controlled trial of low-dose sertraline in young children with FXS aged 2-6 years old, Greiss-Hess and colleagues found significant improvements in motor and visual perceptual abilities and social participation in the group treated with sertraline compared to the placebo group, but they did not find significant improvements in language development for the group as a whole [18] . However, post hoc assessment for those with FXS and ASD found significant improvement in expressive language compared to placebo. Greiss-Hess and colleagues used clinical assessments, which required interactions with clinicians as well as responses from the child with FXS. It is possible that Greiss-Hess and colleagues did not find significant language improvements for the overall group because they utilized assessments requiring child-to-clinician interactions. Given the prominent social anxiety and withdrawal symptoms often seen in children with FXS [8] , collecting accurate measurements of language abilities using standardized, in-person assessments may hamper language assessment in these individuals and cause an underestimation of skills.
In the present study, we present a novel, passive-viewing eye tracking task (PVET) as an alternative measure to assess language improvement in children with FXS over the course of low-dose sertraline treatment. The PVET was adapted from Fernald and colleagues' "looking-while-listening" task, which measures the time course of children's gaze patterns in response to speech [31] . This methodology has low task demands and does not require verbal or overt motor responses such as a point from the child, which is ideal for children with FXS. Indeed, eye tracking methodology has been used successfully to examine speech comprehension in children with ASD [32] . The current study had two aims. First, we examined the utility of the PVET to evaluate receptive language skills in young children with FXS. Second, we used the PVET as an exploratory outcome measure of language improvement in a randomized double-blind placebo-controlled trial of low-dose sertraline in children with FXS.
Methods

Participants
The sample to examine the utility of the PVET comprised 68 children diagnosed with FXS (55 male) with mean chronological age (CA) of 37.81 months (SD= 15.46 months; 12 to 72 months). A subset of the sample for the PVET validity analysis were enrolled in a placebo-controlled study of sertraline. The sample for the placebo-controlled study of sertraline comprised 22 children, 24 to 60 months, diagnosed with FXS (21 male), randomly assigned to either placebo (n= 12) or sertraline (n= 9) and comprised a subset of the sample reported in [18] . These children were evaluated at two time points: baseline and 6-months follow-up. For the placebo group at baseline, the mean CA was 43.14 months (SD = 14.52 months; 2 to 5 years) and at the follow-up, the mean CA was 51.54 months (SD = 12.92 months; 2 to 5 years). For the sertraline group at baseline, the mean CA was 41.54 months (SD = 12.34 months; 2 to 5 years) and at the follow-up, the mean CA was 47.79 months (SD = 12.27 months; 2 to 5 years).
Participants were clinically evaluated at the UC Davis MIND Institute. Participants were English speaking and willing to travel and participate in the current trial. Participants with a central nervous system disease other than FXS were excluded from the study and participants with and without ASD were included in the study. Participants 2 to 3 years of age received sertraline liquid or placebo liquid in a dose of 2.5 mg/day (0.125 mL) and participants older than 3 years received a dose of 5.0 mg/day (0.25 mL). Assessments were completed in the clinic at baseline and at a 6-month follow-up visit. In the first month, telephone calls were made weekly to monitor side effects with subsequent calls made monthly, and the 3-month follow-up included a review of behavior and side effects (see [18] for details and profiles of the participants).
Cognitive level was assessed using the Mullen Scales of Early Learning [33] , which is a standardized assessment used for children between 3 months and 60 months of age. The MSEL consists of five subscales: gross motor, fine motor, receptive language, expressive language, and visual reception. The mental age (MA) of each participant was calculated by averaging the age equivalencies across four different domains (excluding gross motor) and converting this average to MA in months and days. We excluded the gross motor subscale from the MA calculation because, given our wide age range, the gross motor scores are less valid in children above the age of 33 months [33] . In addition, the Preschool Language Scale (PLS) was administered to assess language skills. The PLS is consisted of the auditory comprehension scale (AC) and the expressive communication scale (EC) for children from birth through 7 years and 11 months of age [34] . The mental ages for the PVET (Aim 1) ranged from 5.23 months to 71.18 months (M = 21.82 months; SD = 11.19 months). For the placebo-controlled sertraline study (Aim 2), MA at baseline for the placebo group ranged from 10 months to 35 Mean chronological age (CA) and mean mental age (MA) in months of participants in the placebo-controlled sertraline study at baseline and at followup. Standard deviations are in parentheses.
Apparatus
Stimuli were presented on a 17-inch Tobii 1750 LCD binocular eye tracker (Tobii Technology, Sweden, 1280 x 1024 pixels resolution) to record children's fixations during the task. Eye tracking data were collected at a sample rate of 50 Hz. The average accuracy of the recorded eye coordinates was about 0. When one eye could not be measured, data from the other eye were used to determine the gaze coordinates. The recovery time to full tracking ability after an offset was about 100 ms. Fixations were defined using the Tobii fixation filter, such that maximum angle between fixations was 0.5 o and fixations had to be longer than 60 ms. A standard five-point Tobii calibration was attempted for all participants. Recalibration occurred if any single point was missed. Our goal was to only begin the task once all 5 points had a successful calibration; however, given the limited attention span and behavioral challenges that are present in children with FXS, the minimum requirement to proceed with the task was a successful calibration of the center point for each eye.
Task details
Two versions of the task were designed, one to be appropriate for use in children with mental ages between 12 and 24 months (the "younger version") and the other to be appropriate for use in children with mental ages between 25 and 36 months (the "older version"). These two versions of the task were developed because of the wide age range of the randomized control trial of sertraline. No single set of words would have been developmentally appropriate for all children across this age range. All task details below apply to the development of both tasks, with the only difference being the actual words/images that were presented.
The task consisted of 30 objects selected from the MacArthurBates Communicative Development Inventory (CDI) questionnaire of commonly known words by age [35] . Images of selected words were taken from image sets created from the original Snodgrass and Vanderwert's object database that contained texture and color information [36, 37] . In the scenario that a selected word did not have a corresponding picture, an additional word was selected from the same age category of words.
Images were paired side by side (two images per trial) presented on a white background at a viewing distance of 60 cm with a visual angle of approximately 6.78°. Each image was used once as a target word and once as a distractor word resulting in 30 total trials in the task. Following Fernald and colleagues' [31] guidelines, animate items (e.g., duck) were paired with animate items (e.g., cat), and inanimate items (e.g., book) were paired with inanimate items (e.g., chair). Aside from these guidelines, pairings were randomly selected. Each image pair was presented for a total of six seconds in a fixed random order to all participants with a 1-second fixation cross that was presented between image pairs (Figure 1 ).
Audio clips were recorded with a female voice using a positive tone and affect for all target words and three different carrier phrases. The three different carrier phrases used were: "Where's the", "Find the", and "Look at the." Target words were recorded separately from the carrier phrases to control the timing of the target word presentation in each trial. The sound clips were edited together in Audacity® (www.audacityteam.org) to fluidly present a randomly selected carrier phrase with each of the 30 target words (e.g., "Where's the dog?", "Look at the ball"). These sound clips were recorded and combined in this way so that the onset of the target word occurred precisely two seconds into the visual presentation of the images.
A single trial consisted of the pair of objects appearing on the screen while the carrier phrase was presented and then exactly two seconds into the trial, the target label would begin. The images were shown prior to the label to allow for visual detection of both objects prior to the label being heard. The image then remained on the screen for four additional seconds to allow for visual reaction of the participant in response to the verbal instructions that they had heard. Each trial therefore lasted for a total of six seconds (see Figure 2 for the schematic time line of a trial).
Prior to completion of the eye tracking protocol, parents completed a parent report language inventory for their child that asked the parents what words the child understands and says (Appendix A). The inventory consisted of two columns (30 words in each column) representing two versions of the task (older versus younger). This inventory was reviewed by a researcher prior to calibration to best choose which version of the task to present to the child. If children were marked as understanding less than 50% of the words on the younger version of the list, they were shown the younger version of the task (regardless of chronological age of the participant). Given that language deficits are a hallmark of FXS [3, 38] , we felt this was the best way to tailor presentation to each participant. We therefore had a parent report of whether the children were familiar with each word as well as the child's task performance on each presented word.
Analysis
The task was analyzed using Tobii Studio analysis software to calculate total looking time to each object on the screen. Statistical analyses were performed using SPSS (version 23). Scenes were created separately to capture the first two seconds of the trials (pre-label) and the last four seconds (post-label). This allowed for analyses of looking prior to the labeling of the target object (for baseline visual preference, and to ensure that both objects had been viewed) as well as visual reaction time to the auditory cue. Areas of interests (AOIs) were created to encompass 15% of the screen each around both the target and distractor objects. The primary measure of performance on each trial was the total fixation duration from 300 ms to 1800 ms after the onset of the target word (i.e., label), from which we calculated an overall visual preference score. The 300 ms to 1800 ms segmentation window was based on previous methods and findings [31, 39] . The visual preference score, or the proportion of looking time to target on each trial, was calculated as the total fixation duration to target object divided by the sum of the total fixation to target object and to distractor object.
Results
Utility of the passive-viewing eye tracking task (PVET)
We first examined the relations between the child's performance on the PVET (visual preferences score for target objects) and parent-report of the child's knowledge of the target object labels. We ran a one-sample t-test to examine whether the proportion of looking time for items the parent reported that the child knows, i.e., target objects, was significantly above chance (.50). We found that proportion of looking time for items the parent reported as known to the child was significantly above chance for the target objects (t(60)= 2.703, p = .009; Figure 3 ). Next, we ran a one-sample t-test to assess whether the proportion of looking time for objects that the parent reported the child does not know was significantly above chance. Children did not look significantly longer at objects reported by the parent as unknown to the child (t(53)= -.176, p = .861; Figure 3) i . Mean proportion of looking time for known objects versus unknown objects was 0.553 1 (SD = .152) and 0.496 (SD= .183) respectively.
Next, we assessed whether children's performance on the PVET was related to existing standardized assessments of receptive language. We assessed children's receptive language using the receptive language (RL) subscale of the Mullen Scales of Early Learning (MSEL) and the auditory comprehension (AC) subscale of the Preschool Language Scale (PLS). We ran a partial i The degrees of freedom between these two t-tests are different because of the difference in the number of known versus unknown items the parents report, i.e., it is child-dependent. correlation and found a significant positive relation between looking time to target object and MSEL RL score (r(28) = .523, p = .003). Further, we found a significant relation between looking time to target and PLS AC score (r(28) = .565, p= .001). Scatterplots of these relations are provided in Figure 4 .
The effect of sertraline on PVET performance and assessment scores
Using the PVET as an exploratory outcome measure, we examined whether sertraline influenced language improvement in children with FXS in a placebo-controlled trial. We implemented the PVET at baseline (pre) and at the 6-month follow-up (post) for both the placebo and sertraline groups. To examine whether sertraline influenced children's performance on the passive viewing task, we ran a repeated-measures analysis of variance (RMANOVA) with Group (placebo, sertraline) as a betweensubjects factor and Phase (baseline, post) as the within-subjects factor. We found a main effect of Phase (F(1,20) = 4.404, p = .049, In addition, we examined whether the MSEL and the PLS reflected the efficacy of sertraline that was observed with improvement in the PVET from pre-to post-administration of sertraline. We ran a RMANOVA with Group (placebo and sertraline) as a between-subjects factor and Phase (baseline and post) and Assessment (MSEL RL subscale and PLS AC subscale) as within-subjects factors. We found no significant interactions (Assessment x Group: p = .92; Phase x Assessment: p= .87; Phase x Assessment x Group: p = .23) in the assessment scores from pre to post after administration of sertraline or placebo suggesting that while the PVET was able to measure improvement in language comprehension, this improvement was not detected with the behavioral assessments MSEL and PLS.
Discussion
The current study first examined the utility of using eye tracking methodology to assess language abilities in young children with FXS. Measuring language skills, particularly receptive language in children with neurodevelopmental disorders, poses a challenge given that many standardized measures of language development including language comprehension are not suitable for children with neurodevelopmental disorders. In a study with children with ASD, it was reported that almost thirty percent of children performed at floor level with standardized assessments. This is potentially due to the fact that response demands (verbal or motor) are often required by traditional language assessments, leading to the underestimation of children's receptive language skills [40] .
The PVET used in the current study was adapted from the looking-while-listening methodology pioneered by Fernald and colleagues [31] , and is technically "simple" with regards to the presentation of the stimuli and task demands. Therefore, this task was ideal to use with FXS populations given that overt verbal and motor responses were not required. Because individuals with FXS face both fine and gross motor problems and social anxiety [41, 42] this passive-viewing methodology allows removal of these behavioral and response demands, making the task a more accurate measure of receptive language ability and arguably a superior outcome measure for clinical trials compared to childto-clinician assessments. We found that parents' report of children's knowledge of words and performance on the PVET was related, i.e., when parents reported that the child knew the word (e.g., book) the child looked at the known labeled object, i.e., book, longer compared to the distractor object suggesting that they recognized the item 'book.' This finding is consistent with existing evidence demonstrating that children with ASD spend a longer amount of time looking at known items versus unknown items [32] and lends confidence for using this method as to assess receptive language skills.
For our second aim, we assessed receptive language improvement in children with FXS using the PVET as an outcome measure in a randomized, double-blind, placebo-controlled trial of sertraline. We found that children's looking time to the target object after the object had been labeled was greater in the sertraline group compared to the placebo group suggesting that sertraline may be an effective treatment to improve receptive language in young children with FXS. In contrast, when we used the MSEL and the PLS to examine the effect of sertraline on language improvement, we found no significant improvement in receptive language with these clinical assessments. Although our data suggest that performance of children with FXS on the PVET, the MSEL, and the PLS were related (Figure 4) , the PVET was the only measure that was sensitive enough to detect improvements in language comprehension after administration of sertraline in children with FXS. Although our sample size was small, these preliminary findings warrant further examination of eye tracking tasks as an outcome measure for treatment studies with children with FXS given that these tasks are not behaviorally taxing (requiring verbal and motor responses) on the child compared to traditional clinical assessments.
Our sample for the placebo-controlled trial of sertraline was a subset of the sample reported in a previous placebo-controlled study by Greiss-Hess et al. [18] . In that study, no significant differences in receptive language improvement in the sertraline or the placebo group were observed when accessed via the MSEL, which was consistent with the current findings. In contrast, a retroactive chart review reported significant improvement in both expressive and receptive language in FXS children treated with sertraline [19] . When we used the PVET as an outcome measure of language improvement, the PVET could detect these improvements in vocabulary knowledge. Our results suggest that the PVET may be a useful tool to gauge subtle improvements in receptive language that traditional standardized assessments may not reflect. These results demonstrate a need for future studies to replicate our preliminary findings using eye tracking tasks as an outcome measure in treatment studies of children with FXS.
Existing evidence suggests that early development may be an opportune time to implement treatment given the rapid synapse formation and network connectivity observed in the first years of life [43, 44] . In nonhuman primates, developmental changes in serotonin content and binding of serotonin receptors in the brain have been demonstrated [45, 46] . In children with ASD, however, there is a marked disruption in the capacity of serotonin synthesis starting early in life [47] . Due to this disruption in the first few years of life, not only is it important to deliver potentially beneficial pharmacological SSRI treatments such as sertraline but it is just as critical to detect improvements in domains such as language. The detection of improvements early in life can have cascading effects into the later years of life, and our results suggest that the PVET may be a useful tool to detect these subtle yet critical improvements.
Although there was no difference in reported side effects of sertraline compared to the placebo and no serious adverse events in both groups over the course of six months [18] , longterm follow up visits are critical to better understand the effects of and potential issues with sertraline use in young children. Nonetheless, our study is a novel study using a passive-viewing eye tracking task to assess receptive language improvement in a controlled trial of sertraline in children with FXS and provides evidence for improved language comprehension in young children with FXS with sertraline use. Future studies should not only investigate the effects of long-term sertraline use in young children but also examine the validity of using outcome measures with various methodologies including eye tracking in conjunction with standardized assessments of language skills.
Conclusion
The results of the current study provide evidence for using eye tracking methodology as a measure of language skill in children with FXS. Using this methodology, we also provide preliminary evidence of sertraline as an effective treatment in improving receptive language in young children with FXS. 
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